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Total length is 5317 words determined by method 2 for latex users main text: 3568 references: 440 to express the average rates of reaction in terms of average values of the scalars have proved inadequate and species concentrations, which depend on reactions, cannot be predicted by unconditional averaging. Another important term is the turbulent mixing term. Bilger [1] showed that for the fast chemistry limit, reaction rates are strongly related to the scalar dissipation.
Unfortunately, the dissipation appears as an unclosed term in most commonly used approaches.
The most recent advance in turbulent non-premixed combustion modelling is the Multiple Mapping Conditioning (MMC) method [2, 3, 4] that suggests a logical combination of Probability Density Function (PDF) [5, 6] and Conditional Moment Closure (CMC) [7, 8, 9] approaches. The principle idea of MMC is the division of all turbulent fluctuations (and scalars) into "major" and "minor" groups. Fluctuations of major scalars are not restricted. Fluctuations of minor species are correlated to the fluctuations of major species and their evolution is determined by conditional methods.
MMC, as its name implies, employs the concept of the mapping closure (MC) [10, 11, 12] . Mapping functions map the quantities of interest (usually species mass fraction) between a reference space with known distribution and the physical composition space whose distribution is unknown. The dimensionality of the reference space is determined by the number of major scalars.
The chemical source terms are modeled with first-order moments and are conditioned on the reference variables. In the simplest formulation, the mixture fraction can be selected as the only major species and then MMC is equivalent to singly conditioned CMC but with the advantage that the conditional dissipation term appears in closed form. If all scalars in the composition space are selected as being major then MMC is equivalent to the joint PDF method.
Therefore, it is clear that MMC is not a specific model, it is a generalised modelling approach. Depending on the actual implementation of the MMC principles, other models result as special cases of MMC.
The MMC model has been successfully tested in homogeneous, isotropic, decaying turbulence [13, 14, 15] and direct numerical simulation (DNS) has been used for validation. The current work deals with the extension to inhomogeneous laboratory flames. Mixture fraction is chosen as the only major species.
The model is tested against experimental data for two non-piloted CH 4 /H 2 /N 2 flames studied at the Deutsches Zentrum fur Luft-und Raumfahrt (DLR) [16, 17] and at Sandia Laboratories [18, 19] . The two flames named as DLR A (Re=15,200) and DLR B (Re=22,800) are convenient for the present implementation since they have different Re numbers but at the same time neither presents considerable levels of local extinction and re-ignition. Predictions of doubly-conditioned MMC are necessary for flames with higher Re numbers, however, single conditioning will be sufficient for the present case since singly conditioned approaches have been proved successful in the past for flames with similar levels of extinction.
Despite the fact that DLR A and B are well characterised experimentally through extensive velocity and scalar measurements, only few modelling attempts have been performed. Pitsch [20] modelled the flame DLR A by combining a k − ε model with an unsteady flamelet approach. Kempf et al. [21] applied a three dimensional Large Eddy Simulation (LES) for DLR A as well.
Although the overall agreement of their results with experimental data is good, there is a clear tendency to radial diffusion close to the nozzle. More recently, Kim et al. [22] computed flame DLR B with a second order CMC for the reaction step, improving considerably N O predictions. Ozarovsky et al. [23] implemented a joint PDF approach closed at the joint scalar level for DLR A and DLR B and explored different methods of flame ignition. They also reported problems in predictions at the nozzle where steep gradients in mixture fraction necessitate accurate scalar dissipation estimates.
In the next section we introduce a deterministic MMC model with reference variable for mixture fraction. In Section 3, the numerical implementation is briefly described. Results for the mixture fraction are presented in Section 4.
Finally, Section 5 focuses on the closure of the scalar dissipation term and its effect on the reactive species predictions.
The MMC model
The MMC equation given by [2] ∂X I ∂t
is solved in the reference space ξ(x, t) = (ξ 1 , ξ 2 , ... A standard Gaussian reference PDF, that is invariant in space and time, leads to a relatively simple form of the velocity, the drift and the diffusion coefficients, U, A k and B kl . They are given by
where ρ is the Reynolds average density, v is the velocity vector, the tilde denotes Favre averages and angular brackets denote averages over reference space ξ.
The model proposed for the conditional velocity is linear (see Eq. (2)). It is based on a joint Gaussian distribution of the velocity and the scalar fields, and it is similar to the model commonly used in CMC computations. Joint
Gaussianity is certainly questionable for velocity and mixture fraction, but it may hold for the joint distribution of velocity and the reference variable ξ k .
For the Favre turbulent fluxes v X I , the gradient diffusion hypothesis is applied.
The correlation ξ k X I is given by
Eq. (2) to (5) imply that the diffusion coefficient can be treated as an independent coefficient. B kl can be chosen as any reasonable function of (x, ξ) and then from Eq. (3) A k can be determined so that a corresponding transport equation for the reference space PDF, P ξ is satisfied [2] . However, from its interpretation as a diffusion coefficient which guarantees the consistency of the PDF of X I with the joint species PDF transport equation, B kl should satisfy the following relation [2] :
Case configuration
In the current study MMC is implemented for the modelling of two CH 
Numerical procedure
In the present study mixture fraction is chosen as the only major species and a standard Gaussian distribution of the reference variable is mapped to the mixture fraction field. The governing Eq. (1) then reduces to
where ξ represents the one-dimensional reference space emulating mixture fraction X Z . Time derivatives have been neglected due to the steady nature of the flow under investigation. The conservative form of Eq. (9) is:
Eq. (10) is discretised using a finite volume technique. The grid is staggered such that velocity is determined at the cell boundaries and scalars at the cell A first-order upwinding scheme is used for spatial transport and a hybrid scheme is applied for discretising transport in ξ-space. This hybrid scheme changes from central differencing to first order upwind differencing when the Peclet number exceeds 2. Boundary conditions are defined in both physical and ξ-space. In the ξ-plane, the two boundary cells are calculated using the constant gradient assumption. The reader is referred to reference [24] for boundary conditions in physical space.
In the current implementation, Eq. (10) is solved for mixture fraction and coupled to an axisymmetric elliptic CFD code [24] . The solver uses the Biconjugate gradient method and produces results for all spatial and ξ-space locations at one time. Values for U, A, and B are computed explicitly, based on the solution of the previous iteration.
Mixture fraction modelling
The solution of Eq. (10) provides the evolution of mixture fraction in reference space if W I is set to zero, and the mapping function represents mixture fraction, Z = X Z (ξ, x, r). The relationship between the reference PDF, the mapping function and the mixture fraction PDF, P Z , is given by [11]
The local mixture fraction mean and its rms can then easily be recovered by integration across reference space. and LES studies [21] . It is well known that the β-PDF approximates the mixture fraction PDF very well and we may conclude that MMC leads to accurate predictions for the PDF. MMC does not, however, restrict the PDF shape and may therefore be useful in cases where we are interested in the joint PDF of more than one scalar that cannot be easily presumed.
Chemical species predictions
A 35 species, 219 reaction mechanism has been employed [27] to simulate the chemical kinetics, and radiation losses were considered. In principle, Eq. (10) can be solved for all conditioning (here mixture fraction) and conditioned species (here all the reactive scalars). In the case of one reference variable however, a simple transformation [3, 4] yields the singly conditioned moment closure (CMC) transport equations for the conditioned (reactive) species. The latter, i.e. the CMC equations, are solved here for convenience due to the existing CMC implementation in the code [24] . Conditional moment closure methods require closure of the mixture fraction PDF and of the conditional scalar dissipation rate. The current MMC implementation provides new closures for these terms, and the remainder of this paper will largely focus on scalar dissipation modelling and its effects on the reactive species predictions.
Scalar dissipation modelling
The MMC equation for the minor species is transformed using a coordinate transformation [3] from the Gaussian mixture fraction reference space, ξ, to the actual mixture fraction sample space variable η. Similar to Eq. (8), the conditional scalar dissipation can be obtained from
A simple integration of Eq. (12) over the reference space yields the mean scalar
It is important to note that the mean scalar dissipation modelled as We will denote the latter model in the remainder of this paper 'error function model' (or erf). Not surprisingly, MMC yields lower predictions at all times due to lower mean dissipation rates. Some distinct differences can be observed with respect to the dissipation's distribution in mixture fraction space. The inverse error function gives always peak values at Z = 0.5. This is certainly not correct at all times and locations, and MMC does not impose any restrictions on the shape of the conditionally averaged dissipation values. Indeed, the peak at x/D = 5 varies with radial position. In addition, MMC predicts zero conditional scalar dissipation in zero probability regions as can be observed for high mixture fraction values at large radial positions. Figure 6 shows the conditional averages of temperature, CO and OH at three 
Reactive scalar results

Conclusion
The present work is the first deterministic application of the MMC approach The current study has demonstrated the feasibility of MMC to describe the evolution of the mixture fraction PDF. The suggested approach is, however, not limited to only one major scalar, and two or more major scalars will be needed for the accurate modelling of flames with moderate to significant local flame quenching. Modelling strategies for jet flames with extinction may be based on recent studies on scalar mixing in isotropic turbulence [15] . 
